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Combined ﬁnite-discrete element methodA new approach was developed for modeling the effect of the third body on fretting. This was accom-
plished using the combined ﬁnite-discrete element method (FDEM) in which the third body is analyzed
as discrete elements while the ﬁrst bodies are modeled using ﬁnite elements. This approach provides a
link between large scale models which treat the mass of wear debris as a single or small number of bodies
and small scale models which only study a control volume. The FDEMwas used to analyze the behavior of
third body particles between ﬂat sliding surfaces. When the third body mass is composed of unconnected
particles, it behaves as a Newtonian ﬂuid, but this behavior ceases when the particles are connected into
platelets. The FDEM was also used to study the behavior of third body particles inside a Hertzian line con-
tact. As the number of particles and platelet size increase the load carried by the worn slip zone grows
larger in relationship to the unworn stick zone.
 2014 Elsevier Ltd. All rights reserved.1. Introduction debate over the mechanism by which the ﬁrst wear particles areFretting occurs when two contacting bodies are subject to small
amplitude oscillatory motion which leads to both wear and fatigue
damage. This phenomenon is common in machine components
such as bearings, gears, couplings, dovetail joints, and wire ropes.
An important characteristic of fretting is that motion is smaller
than the contact width, allowing wear particles to remain trapped
inside the contact. The wear debris generated in the contact can be
either a beneﬁcial or detrimental depending on its material
properties. A third body layer of compacted oxide can accommo-
date the difference in velocity, reduce friction, and separate the
opposing surfaces. On the other hand, hard particles can cause
abrasive wear.
In a sliding or fretting contact the two contacting surfaces are re-
ferred to as ‘‘ﬁrst bodies’’ while the wear particles which develops
between them is referred to as the ‘‘third body.’’ Godet presented
this concept during the 1970s in order to link lubrication theory
with dry contacts, but he did notwrite about it until 1984 (Iordanoff
et al., 2002). In continuum mechanics solutions the third body is
sometimes modeled as an incompressible ﬂuid (Dragon-Louiset,
2001). Third body wear debris play an important role in fretting
and have been cited as one of the reasons why synthesizing the
hundreds of wear laws found in published literature describing
the phenomena is so difﬁcult (Meng and Ludema, 1995). There isformed. It is most often attributed to adhesion (Colombie et al.,
1984; Samuels et al., 1980), but Waterhouse and Taylor
(Waterhouse and Taylor, 1974) ascribed the formation of the ﬁrst
detached particles to delamination wear (Suh, 1973, 1977) which
is caused by the initiation and growth of near surface cracks. As
more wear particles are created the abrasive action of debris
becomes the leading cause of particle detachment. Once loose wear
debris are oxidized and ground down into micron size particles
(Iwabuchi, 1991), some of the loose particles will be ejected from
the contactwhile others are compacted into a solid third body layer.
Generally, over time sufﬁcient wear debris become trapped in the
contact to separate the two primary surfaces. Lower wear rates
have been linked experimentally with higher third body mass
implying that wear particles’ abrasive qualities are more than
canceled out by their beneﬁcial features (Colombie et al., 1984).
However, the third body phenomena is thought to depend heavily
on wear particle properties (Berthier et al., 1988), contact
shape (Colombie et al., 1984), and contact orientation (Lancaster,
1975).
The third body concept is best illustrated by the tribological cir-
cuit (Berthier, 1990). Wear ﬂows from the two ﬁrst bodies into the
third body (particle generation) and then some portion of the third
body is ejected from the contact (particle ejection). A stable
equilibrium is reached when the particle ejection rate is equal to
the particle generation rate. If the contact conditions change lead-
ing to a different particle ejection or generation rate, the contact
will move to a new equilibrium. However, if the disturbance is
1376 B.D. Leonard et al. / International Journal of Solids and Structures 51 (2014) 1375–1389temporary, the contact Fig. 1(a) illustrates the zones, bodies, and
ﬂow channels making up a third body wear system while
Fig. 1(b) shows competition of third body ﬂow rates.
One approach to modeling the third body uses the discrete ele-
ment method which was developed by Cundall and Strack (1979).
A review of discrete element investigations of the third body by
Berthier and Descartes (Berthier and Descartes, 2002) shows that
DE models are generally used to analyze the third body in a condi-
tion of Couette ﬂow between ﬂat surfaces with periodic boundary
conditions and use explicit integration methods. Discrete element
modeling of the third body began in the early 1990s (Elrod and
Brewe, 1991). Iordanoff et al. (2002) created one of the ﬁrst
two-dimensional dynamic discrete element models of third body
particle ﬂow. This approach was later extended to three dimen-
sions (Iordanoff et al., 2005). Fillot et al. (2004) implemented wear
into the discrete element model used to study two ﬂat parallel
surfaces. One body was made degradable and composed of linked
discrete elements while the other remained a rigid surface. Fillot
et al. (2004) showed that the steady state thickness of the third
body depends on both applied loading and material properties.
Fillot et al. (2007) extended the wear model to three dimensions
and found that adhesion between particles controlled the particles
ejection rate and thickness of the third body layer. Iordanoff et al.
(2008) modeled subsurface damage from polishing by breaking the
joints connecting the discrete elements comprising the degradable
ﬁrst body. Abrasive particles were modeled as degradable assem-
blies of spheres; the edges of these groups of elements causedFig. 1. The third body can be understood by considering the (a) zones and
directions of ﬂows within a contact and the (b) competition between particle
ejection and detachment.fractures within the ﬁrst body. Kabir et al. (2008) made an explicit
ﬁnite element model along the lines of earlier discrete element
studies. Each granular particle was represented as a ﬁnite element
mesh with 81 elements. Third body ﬂow was modeled in a shear
cell between parallel surfaces where the effect of material proper-
ties and gap height on the velocity and solid fraction was studied.
The explicit ﬁnite element and discrete element approaches were
compared and the former was found to give a slightly lower
velocity throughout the gap and a lower solid fraction at the
boundaries. Cao et al. (2011) coupled the ﬁnite element and dis-
crete element approaches by attaching a row of circular discrete
elements to the surface of a ﬁnite element mesh for contact calcu-
lations. They modeled third body discrete element ﬂow between
ﬂat parallel surfaces in a manner similar to previous studies but
studied the stress within one of the ﬁrst bodies using ﬁnite
elements.
The ﬁnite element approach has also being applied to the third
body phenomenon. Linck et al. (2003) modeled the third body as a
ﬁnite element mesh rubbing against a rigid surface and found that
under most conditions there is a combination of stick and slip in
the contact. They demonstrated that the regions of stick and slip
move as waves along the surface. The authors postulated that the
slip waves which had not been detected experimentally help
explain the mechanism of particle detachment and heat genera-
tion. Ding et al. (2007) modeled third body wear of a Hertzian line
contact using ﬁnite element method. The third body was modeled
as a thin upper layer of elements on the ﬁrst body which had dif-
ferent materials properties from the substrate. The height of the
third body layer varied based on the wear rate. The mechanical
properties of the third body were determined by adjusting them
to match experimentally measured fretting loops. The presence
of a third body resulted in a narrower and slightly deeper wear
scar. Basseville et al. (2011) modeled the third body as a series of
rectangular ﬁnite element meshes placed between the contacting
surfaces. Third body ﬁnite element domains with dimensions of
5 lm by 1 lm were placed in the contact covering the surface at
the beginning of the simulation. Wear loss of the ﬁrst body was re-
ﬂected by a growth in the height of the third body domains and
particle ejection was modeled by the rectangular ﬁnite element
meshes sliding out from between the two ﬁrst bodies.
In this study the effect of the third body on fretting wear of a
Hertzian contact was modeled using the combined ﬁnite-discrete
element method. The ﬁrst body was modeled using the ﬁnite
element approach while the third body was modeled as discrete
elements. The effect of wear particles on the pressure and frictional
shear stress in a Hertzian fretting contact is demonstrated.2. Combined ﬁnite discrete element model of the third body
The previously developed (Leonard et al., 2011, 2012) combined
ﬁnite discrete element model (FDEM) was extended to investigate
the effect of the third body in fretting wear. In the FDEM the
contact interaction between bodies is solved using the discrete
element method, however, the deformation of individual bodies
was calculated using the ﬁnite element approach. The ﬁrst bodies
are modeled using ﬁnite elements while the third body particles
are simulated by discrete elements. A review of the FDEM model
is provided in the next section.2.1. Finite element model
The stress within deformable bodies is calculated using the ex-
plicit ﬁnite element method. The dynamic relaxation method
(Underwood, 1983) is used to solve each element’s stiffness matrix
Fig. 2. Discrete element arrangement before and after compaction.
Cylinder
Flat
Fig. 3. Schematic of the combined ﬁnite-discrete element model contact geometry
for a Hertzian contact.
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half-step central difference method:
1
Dt2
½Mfugiþ1 ¼ fFextgi  fFintgi þ
2
Dt2
M  1
Dt
C
 
fugi
 1
Dt2
M  1
Dt
C
 
fugi1 ð1Þ
where u is the vector of nodal displacements, M is the mass matrix,
C is the damping matrix, Fext is the vector of externally applied
forces and Fint is the vector of internal elastic forces. The time step
used for the solution of Eq. (1) is given by;
Dt ﬃ Lcﬃﬃﬃﬃﬃﬃﬃﬃ
kþ2c
q
q ð2Þ
where Lc is the characteristic dimension of the ﬁnite element mesh,
q is the material mass density and k and c are the Lame constants.
Because all simulations performed including ﬁnite elements were
quasi-static, mass scaling is used in order to reduce computational
time. More information about the explicit ﬁnite element analysis
please can be found in Kutts et al. (1998) and Chung et al. (1998).
2.2. Discrete element model
The third body particles in this study are modeled using the dis-
crete element method. Individual wear particles are simulated as
spherical rigid elements. A two dimensional discrete element mod-
el was used in which each particle is a sphere modeled as a circle
moving in a two dimensional plane.
The equations of motion (1) are integrated using the same half-
step central difference method with the same time step as the ﬁ-
nite element domain. The mass proportional damping term, C, in
the equations of motion was set to zero. Instead, the discrete
elements were damped through the contact routine described in
sections 0 and 0. Each particle has two degrees of freedom and is
able to translate in the x and y directions as shown in Figs. 2 and
3 for the contact geometries used in this study. Fillot et al.
(2004) also neglected rotation with satisfactory results.
2.3. Discrete element contact between ﬁrst bodies
In this section the FDEM contact routine for the interaction be-
tween ﬁrst body ﬁnite elements in presented. The surface of each
ﬁrst body is discretized into a number of quadrilateral elements
and contact is solved using the penalty method as described in
Leonard et al. (2011). The ﬁrst part of the algorithm is contact
detection and the second is contact interaction.
Contact detection is performed using the direct mapping algo-
rithm. The domain is divided into rectangular cells the size of the
largest element and the centroid of each element is mapped into
a cell. At speciﬁed time intervals the proximity of each discrete
element to elements from different bodies in the same and neigh-
boring cells is calculated using an algorithm developed by Hopkins
(1992). All elements within a critical distance of each other are
deﬁned as contacts.
Contact interactions are resolved using the penalty method. In
this approach the interpenetration of bodies is used to determine
the normal force which is linearly proportional to the area of over-
lap. As the penalty term approaches inﬁnity, instability arises
because no penetration can occur consequently bringing the
contact force to zero. If the penalty term is too low, the area of
overlap becomes unnecessarily large. If the penalty term is too
high, the kinetic energy will not die out at the contact.
The contact interaction is solved using quadrilateral contact
elements instead of the triangular ﬁnite elements. Fig. 4 showsthe quadrilateral contact elements overlaid on the ﬁnite element
mesh. Each ﬁnite element on the surface is replaced for these
calculations with a contact element which shares its two surface
nodes. The substitution has two advantages: ﬁrst, it reduces the
number of elements for which contact interaction needs to be
resolved (eliminating those ﬁnite elements with only one node
on the surface), second, it reduces the complexity of the contact
calculations because the force only needs to be divided between
the two surface nodes instead of the three nodes forming the
triangle.
Fig. 4. Quadrilateral contact elements superimposed on the ﬁnite element mesh.
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function of the overlap area. One of the elements is selected as
the target while the other is designated as the contactor. An algo-
rithm similar to that developed by Hopkins (1992) is used to calcu-
late the penetration of the contactor into the target element. The
procedure returns the edge intersections and a polygon demarcat-
ing the overlap area of the elements. The area and the centroid of
the polygon are calculated. The area is multiplied by the penalty
term to determine the magnitude of the force which is oriented
normal to the edge of the target element. The contact force is ap-
plied at the projection of the polygon centroid onto the elements’
edges and is converted into an equivalent force on the elements’
surface nodes. The normal force for an interaction is calculated as
~F ¼~n  j11;N  12
Xk1
i¼2
r1;i  r1;iþ1 ð3Þ
where F is the normal force, n is the unit normal vector, j11,N is the
penalty term for a normal contact between ﬁrst bodies, k is the
number of points in overlap polygon, r1,i is the vector from node 1
to node i on the overlap polygon, and nodes 2 through k go sequen-
tially around the perimeter of the overlap polygon. Fig. 5 depicts a
schematic of the contact calculation.
The Coulomb friction law is implemented in this model using
the penalty method approach. In this procedure, a spring is at-
tached between each node on one ﬁnite element mesh and the
closest nodes on the adjacent surfaces. Because the nodes on
opposing surfaces are not perfectly aligned, a free length is given
to the springs. During the ﬁrst time step in which contact occurs
a vector connecting the two nodes of the spring is deﬁned as its
free length. The contact force vector is used to deﬁne the normal
direction for the surface. The stretch of the spring tangent to the
normal direction is multiplied by a spring stiffness to calculate
the friction force.Fig. 5. Illustration of contact force procedure.The friction spring stretches elastically in the stick conditions;
however, care must be taken in slip to model non-monotonic load-
ing. The force of the frictional spring is limited to the coefﬁcient of
friction multiplied by the normal force at which point the contact
pair transitions into slip. When in slip the relative motion of the
nodes is added to the free length of the spring. Because the free
length is updated, when shear force on the contact pair decreases,
the spring immediately returns to stick. Although the penalty
method does not exactly enforce the zero relative motion con-
straint under stick conditions, relative motion is minimized with
a large penalty term (j11,N).
2.4. Discrete element contact between ﬁrst and third bodies
This section describes the procedure for modeling the interac-
tion between discrete third body elements and a ﬁrst body ﬁnite
element mesh. The third bodies in this model are circles and the
surface is composed of ﬂat edges between the surface nodes of
the ﬁnite element mesh. Contact pairs are found, then interpene-
tration is determined, and ﬁnally the force is applied to the rele-
vant elements.
The search routine for the discrete element-ﬁnite element inter-
actions is performed at intervals throughout the simulation. The
nearest edge on the surface to the discrete element center is de-
ﬁned as the line between the two nearest surface nodes. The line
of the element edge can be written as
r21 ¼ X1 þ u  ðX2  X1Þ ð4Þ
where X1 and X2 are the two surface nodes and u goes from 0 to 1
between these two points. The shortest distance between the dis-
crete element center and the line occurs when the line connecting
them is perpendicular to the edge. Orthogonality occurs when
ðXc  X1  uðX2  X1ÞÞ  ðX2  X1Þ ¼ 0 ð5Þ
where Xc is the center of the discrete element and the nearest point
to the edge to the discrete element is X1 + u(X2  X1). The value of u
at the intersection point can be solved for as
u ¼ ðxc  x1Þðx2  x1Þ þ ðyc  y1Þðy2  y1Þ
jX2  X1j2
ð6Þ
where x and y are the coordinates of the respective points. If u is not
between 0 and 1, the nearest point is not between X1 and X2 and the
contact calculation is performed on the adjacent edge. The contact
detection criterion are met if
dN ¼ R jXu  Xcj > e ð7Þ
where dN is the normal overlap, e is the critical distance at which a
contact pair is recorded, R is the radius of the discrete element, and
Xu is the intercept location. If the discrete element is within e of the
line, the discrete element number and edge are recorded as a con-
tact pair.
At every time step the interactions between contact pairs are
calculated. The contact routine begins by verifying the discrete ele-
ment is still in contact with the same edge, ﬁnding the nearest
point on the edge, Xu, and ﬁnding the overlap. These values are cal-
culated using Eqs. (6) and (7). If there is overlap, the contact force
is calculated as
FN ¼ j13;N  dN þ a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
j13;N M
p
 _d ð8Þ
where FN is the contact normal force, and _d is the relative speed of
the ball with respect to the line, j13,N is the normal spring stiffness
between ﬁnite elements and discrete elements, M is the discrete
element mass, and a is the damping coefﬁcient between 0 and 1.
The ﬁrst term is repulsion due to overlap of the bodies and the
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Fig. 6. The effect of spring stiffness on the deﬂection of the third body mass.
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in this study although this can be easily added.
Coulomb friction law is implemented using the penalty method.
During the initial time step in which a third body discrete element
contacts the ﬁnite-element surface, a spring is attached between
the nearest node and the projection point of the element center
on the edge (Xu). If the discrete element is not in contact with
the ﬁnite element mesh for a time step, the spring is removed.
The friction force is calculated as
Ff ¼ j13;T  ðjXu  X1j  dFLÞ ð9Þµ=
0.
2 
µ=
0.
3 
µ=
0.
4 
 Disposition of Platelets 
Fig. 7. The effect of coefﬁcient of friction on the velocity gradiewhere Ff is the frictional force, j13,T is the tangential spring stiffness,
dFL is the free length of the spring and X1 is the position of the node
to which the spring is attached. The friction force is limited to the
normal force multiplied by the coefﬁcient of friction. Once the
limiting force is reached, the contact is considered to be in slip.
2.5. Discrete element contact between third bodies
This section describes the interaction of discrete third body
particles in the FDEM. All third bodies in this model are circles.
The contact analysis performed here is similar to that conducted
by Fillot et al. (2004) except that the adhesive force is neglected.
The contact algorithm involves both detecting contacts and solving
the contact interactions.
Contact detection is performed using the direct mapping algo-
rithm. The domain is divided into rectangular cells the size of the
largest circular element and the centers of the discrete elements
are mapped into cells. At speciﬁed time intervals the proximity
of each discrete element to the elements in the same and neighbor-
ing cells is calculated and elements within a critical distance are
deﬁned to be contacts. Different mapping grids for the ﬁnite
element and discrete element contact routines.
At every time step the interaction between each contact pair is
solved. First the radial overlap of the discrete elements is calcu-
lated. The interaction force between the cylinders is given by
FN ¼ j33  dþ 2a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
j33 M0
p
 _d ð10Þ
where j33 is the contact stiffness between individual two discrete
elements and the equivalent mass is given asVelocity Gradient 
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M0
¼ 1
M1
þ 1
M2
ð11Þ
where M1 and M2 are the mass of the two elements. The friction
force transmitted between two ﬁrst body meshes through the third
body is a result of the normal interactions of the discrete elements.
If desired, this resultant coefﬁcient of friction can be controlled be
adding adhesion between the bodies or changing the size of the dis-
crete elements (Iordanoff et al., 2002).
2.6. Third body platelets
The third body wear particles often take the form of thin plate-
lets (Soderberg et al., 1986) and long thin ﬁbers (Marcellan et al.,
2009) in addition to spherical particles (Hurricks, 1974). To model
platelets or ﬁbers using circular discrete elements, a number of
discrete elements can be connected with springs.
The particles composing a platelet were attached with springs
and dampers. The force was given by1 
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ts 
2 
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ts 
4 
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ts 
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Fig. 8. The effect of platelet lengthF ¼ jpðd df ;pÞ þ Cp  _d ð12Þ
where jp and Cp are the spring and damping coefﬁcients for the
spring and df,p is the free length of the spring. Unlike the other dis-
crete element interactions, these springs act in both tension and
compression. Adjacent elements in a platelet are ignored during
the general third body contact routine described in section 0. To
vary the size and the roughness of platelets the free lengths of the
platelet springs can be modiﬁed. As the free length is made longer
the surface of the platelet becomes rougher as gaps open up be-
tween the circular discrete elements.3. Results and discussion
Two different geometries have been used to study the behavior
of the third body using the combined ﬁnite discrete element meth-
od. First, the ﬂow of the third body between ﬂat rigid plates is
modeled and its viscous properties are analyzed. Second, the thirdVelocity Gradient 
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
0
0.1
0.2
0.3
Y
 (y
/L
)
Velocity (V/V0)
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
0
0.1
0.2
0.3
Y
 (y
/L
)
Velocity (V/V0)
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
0
0.1
0.2
0.3
Y
 (y
/L
)
Velocity (V/V0)
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
0
0.1
0.2
0.3
Y
 (y
/L
)
Velocity (V/V0)
on velocity in the third body.
0 0.2 0.4 0.6 0.8 1
-1
-0.5
0
0.5
1
time (t/tsimulation)
P
/P
m
ax
, δ
/ δ
m
ax
Normal Load
Displacement
Fig. 9. The loading of a Hertzian contact.
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tact where the effect of particles on the pressure and stress of the
fretting contact is studied. The partial slip fretting contact is inter-
esting because it has regions where the ﬁrst bodies touch directly
(the stick zone) and regions where they are separated by the third
body (the slip zones).
3.1. Periodic ﬂow between rigid ﬂat plates
Flow between sliding ﬂat plates was modeled to observe the
viscous properties of the third body. This type of contact geometry
has been frequently analyzed before using the discrete element
method (Iordanoff et al., 2005, 2008; Cao et al., 2011). Finite
element meshes were used for the upper and lower surfaces; how-
ever, they moved rigidly in this simulation. A periodic boundary(a)
(c)
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Fig. 10. The effect of particle size on the contact pressure for diacondition was imposed on the discrete elements at the edges of
the control volume.
Discrete elements are initially placed in the between the ﬂat
surfaces in a series of rows. A random number generator fromMat-
lab was used to vary the radius of the particles between 0.6 lm and
0.48 lm. The original grid of particles is made slightly narrower
than the simulation domain. As the normal load is applied the par-
ticles are compressed vertically and expand horizontally into to ﬁll
the entire width of the domain and become randomly ordered.
Fig. 2 illustrates the initial placement of the discrete element par-
ticles and how they become randomized after loading.
Because discrete elements do not deform and consequently do
not have an explicit modulus of elasticity, their material properties
are implemented through their contact stiffness. Individual dis-
crete elements will interpenetrate further at a given load when
the contact stiffness is lower allowingmore compaction of the total
third body. Fig. 6 shows the force–deﬂection curve of the upper
body when the discrete elements have four different values of
contact stiffness. The effective modulus of the entire third body
increases with contact stiffness. The curves are not smooth due
to particles shifting during compression.
The coefﬁcient of friction between a ﬁrst body ﬁrst and third
body is difﬁcult to measure experimentally but is profoundly
important for the movement of third body particles. The effect
of the upper and lower surfaces having different coefﬁcients of
friction on the third body ﬂow was analyzed. The coefﬁcient of
friction between the upper surface and the third body was kept
constant at 1.0 while the coefﬁcient of friction between the lower
surface and the third body was varied between 0.1 and 0.5. A
pressure of 14 MPa was applied to the upper surface. After the
normal load stabilized, it was ﬁxed in the vertical direction and(b)
(d)
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Fig. 12. Initial disposition of wear particles in the Hertzian fretting contact (120
particles).
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velocity gradient through the thickness of the third body for three
conditions. With a coefﬁcient of friction 0.4 or higher there is a
linear velocity proﬁle through the thickness of the material. Very
close to no slip conditions are achieved at the third body interface
with the upper and lower bodies. At coefﬁcients of friction of 0.2
or lower after a short transient period the velocity of all particles
matches that of the upper surface. In between, (l = 0.3) a condi-
tion of no slip occurs at the upper surface, but at the lower sur-
face slip occurs with an intermediate velocity. The coefﬁcients
of friction of the two ﬁrst body surfaces have a large effect on
the velocity of the third body.
Wear particles are not always spherical in shape. Particles can
detach with a different geometry, be ground down into smaller
particles, or be compacted into a new mass. To model these phe-
nomena particles in the contact wear particles were connected into
strings with lengths between one (individual elements) and seven
elements. In each simulation all of the platelets had equal lengths
and were oriented horizontally at the beginning of the test. A pres-
sure of 14 MPa was applied to the upper surface until the particles
had settled into a compact formation. Next, the upper body was
ﬁxed rigidly in the vertical direction and slid to the right with a
velocity of 0.02 m/s. Fig. 8 illustrates the velocity gradient through
the ﬁlm thickness. As the platelets lengthen, regions of the third
body tend to move with a constant velocity due to the interlocking
of platelets. The non-uniformity of velocity increases as the length
of the platelets increase. Because of the regions of uniform speed,
the velocity gradient varies with time because the third body
sometimes moves faster and slower than the average velocity.
The platelets can be seen rising and dropping through the third
body layer which also prevents the third body from behaving as(a)
(c)
-1.5 -1 -0.5 0 0.5 1 1.5
0
0.5
1
1.5
2
2.5
Distance (x/b)
P
re
ss
ur
e 
(P
/P
h)
-1.5 -1 -0.5 0 0.5 1 1.5
0
0.5
1
1.5
2
2.5
Distance (x/b)
P
re
ss
ur
e 
(P
/P
h)
Fig. 11. The effect of (a) 2, (b) 4, (c) 6, and (d) 8 of parta Newtonian ﬂuid. The interlocking of third body particles when
connected into platelets signiﬁcantly inﬂuences the ﬂow of the
third body.
3.2. Third bodies in Hertzian fretting contacts
The behavior of wear particles in a worn Hertzian fretting
contact was analyzed using the combined ﬁnite-discrete element
model. The worn surface proﬁles were calculated neglecting the
third body effect and particles were introduced after wear had
taken place.
The ﬁrst series of tests were conducted using the theoretical
ﬁnal worn surface of a partial slip fretting contact. Hills et al.
(2009) derived an equation for the maximum state of wear in a
partial slip Hertzian line contact:(b)
(d)
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Fig. 13. The effect of number of particles on pressure and frictional shear stress in a worn fretting contact.
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Fig. 14. The space between the stick zone and wear particles in a fretting contact.
The green circle indicates the edge of the stick zone while normal force (red arrows)
from the ﬁrst bodies result in a net lateral force on the third bodies (blue arrow)
pushing them away from the edge of the stick zone (green circle). (For interpre-
tation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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when |x| > c where A is 3/2E, P is the normal force, Q is the maxi-
mum shear force, l is the coefﬁcient of friction, c is the size of
the stick zone, and x is the distance along the x axis. The pressure
proﬁle for this geometry is given by:
pf ðxÞ ¼  P 
Q
l
 
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c2  x2
p
p  c2 þ
Q
l  p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c2  x2
p
 !
ð14Þ
when |x| < c and is zero elsewhere. The worn surface was generated
for a contact with a normal force of 157 N/mm, shear force of 70 N/
mm, coefﬁcient of friction of 0.6, and stick zone half width of 60 lm.
The elastic half space was truncated to a rectangular domain with a
width ten times the contact half-width and a depth seven times the
contact half-width. The upper cylinder was represented as an elastic
half-space six times the contact half-width and four times the
contact half-width deep with a circular proﬁle of radius 5.5 mm.
The contact half width (b) in this study was set to 100 lm. The9
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Fig. 16. Effect of the length of a platelet on pressure and frictional shear stress in a worn fretting contact.
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elasticity of 200 GPa and Poisson ratio of 0.3. The coefﬁcient of fric-
tion was set to 0.0 during the normal loading phase and 0.6 during
the fretting cycle. Fig. 3 shows the mesh used for these simulations.To model a fretting cycle a uniform pressure of 262 MPa was
ﬁrst applied to the top surface of the cylinder to normally load
the fretting contact. Once the normal load was applied the upper
boundary of the cylindrical body was then moved in the horizontal
1386 B.D. Leonard et al. / International Journal of Solids and Structures 51 (2014) 1375–1389direction with a sinusoidal displacement amplitude. The loading
sequence is illustrated in Fig. 9. The normal load applied to the
contact was 157 N/mm which corresponds to a Hertzian Pressure
(PH) of 1.0 GPa; a displacement amplitudes (d) of 1.5 lm was used
in order to be in the partial slip regime. Elements on the surface of
the ﬂat were spaced approximately 2 lm apart.
Single small particles with diameters between 0.1 lm and
0.6 lm were introduced into each slip zone of the fretting contact.
Fig. 10 illustrates the effect of the size of a single particle on the
contact pressure and subsurface stresses. The theoretical pressure
proﬁle for a contact without any particles is shown for comparison.Fig. 17. The effect of particle length on subsurface stressIf there are no particles between the surfaces, the surfaces will
barely come into contact once the normal load has been applied.
Because there is no natural gap after loading, a single particle
pushing the surfaces apart will experience a large force. The small-
est particle with diameter of 0.1 lm experienced 40 percent of the
initial Hertzian pressure. As the diameter increases the pressure on
the particle becomes larger. At 0.4 lm it exceeds the initial Hertz-
ian pressure and the pressure on the center of the stick zone. With
a 0.6 lm diameter it becomes larger than the maximum pressure
in the stick zone. The subsurface stress shows a similar trend with
the stress concentration changing from being relatively small andand particle distribution in a worn fretting contact.
B.D. Leonard et al. / International Journal of Solids and Structures 51 (2014) 1375–1389 1387in a conﬁned area for a 0.1 lm diameter to reaching approximately
0.2b deep for a 0.6 lm diameter. Even when a small single circular
particle is in the slip zone the contact will experience pressure high
enough to cause crushing or plastic deformation of the particle.
A small number of wear particles with diameters of 0.6 lm
were introduced to the fretting contact. Up to four particles with
a spacing of 8 lm were introduced to both slip zones of the con-
tact. Fig. 11 shows how the pressure proﬁle varies as the number40
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Fig. 18. Comparison of pressure with and without wear particlesof particles increase. A new pressure spike appears with the intro-
duction of each wear particle except with the fourth particle which
was squeezed out of the contact. The pressure on each wear parti-
cle decreases as the number of particles increases.
Multiple particles of similar sizes were introduced into the slip
zones of the fretting contact. Between 120 and 420 wear particles
with randomly assigned diameters between 0.2 and 0.16 lm were
placed in the contact close to the edge of the stick zone. Fig. 12Subsurface Stress ( y)
and the subsurface stress with wear particles in the contact.
Fig. 19. Cluster of platelets in a worn fretting contact at 160,000 cycles.
1388 B.D. Leonard et al. / International Journal of Solids and Structures 51 (2014) 1375–1389shows the initial orientation of the contact with 120 wear particles.
During loading as the ﬁrst bodies approached one another the
particles were compressed vertically and spread apart horizontally
until they formed a single row of elements along the contact
interface. Fig. 13 illustrates the effect of an increasing number of
particles on the pressure and frictional shear stress. As the number
of particles increases they spread out over a wider area and carry
more of the load. The magnitude of the pressure spike next to the
stick zone remains similar regardless of the number of particles
conﬁrming that the wear particles are simply pushed further and
further out into the worn region as their numbers increase. The
pressure drops close to zero immediately beside the stick zone.
Fig. 14 illustrates the complex geometry causing the region of low
pressure. The surfaces converge as the slip zone runs into the edge
of the stick zone and the gap between the surfaces becomes too
small to ﬁt a wear particle. The normal force on a wear particle in
the slip zone will become progressively higher as it gets closer to
the edge of the stick zone. This tends to push the wear particle fur-
ther away from the interface. The large load carried by the particles
close to the interface of the stick and slip regions reduces the pres-
sure on the edge of the stick zonewhichwill tend to induce slip. The
frictional shear stress on the stick zone remains similar to a contact
withoutwear debris. The frictional shear stress in the slip zones vary
at either end of the fretting stroke due to particlesmoving inside the
contact. These trends continue as additional particles are added to
the contact; however, it takes longer for the contact to stabilize after
normal loading because more wear particles must be pushed a
longer distance towards the periphery of the contact.
Wear particles are not always ﬁnely ground spherical particles;
sometimes third body debris takes the form of platelets or thin
ﬁbers. To simulate these shapes multiple wear particles were
connected with springs. Platelets were created from wear particles
whose diameters were randomly distributed between 0.2 and
0.18 lm. Initially 420 wear particles were placed in three rows
of 70 elements in both slip zones. Each row of wear particles
was connected in chains of between two and fourteen elements
while keeping df,p/d constant at 0.9. Only the initial horizontal po-
sition of particles and the randomness of particle size were varied
between domains. Fig. 15 illustrates the initial position of the
platelets.
The variation in contact pressure and frictional shear stress due
to platelet length is shown in Fig. 16. The pressure on the platelets
increases along with their length. This is true for both the average
and maximum pressure on the third body. The third body spreads
out over a wider area when the platelets are shorter and remains a
narrower compact mass when the platelets are longer. The maxi-
mum frictional shear stress on the platelets is less than on the stick
zone (ﬁrst body contact) for all sizes of platelets and does not vary
signiﬁcantly in magnitude. The region over which the frictional
shear stress occurs is smaller for the larger particles indicating that
they remain tightly packed during the fretting cycle. Fig. 17 illus-
trates the subsurface stress and disposition of the platelets after
the normal loading has been applied. For all conditions the third
body is pushed toward the periphery of the contact from its initial
position nearer to the center. As the platelets become longer they
interlock more and form a thicker third body layer. Due to the nar-
row gap between the surfaces at the stick zone-slip zone interface
(Fig. 14), the longer and consequently thicker platelets are pushed
further from the center of the contact. Note how the thickness of
the third body mass increases from one or two to three wear
particles (the pre-loading thickness) as the length of the platelets
increase. The subsurface stress increases beneath the third body
particles. The magnitude of the stress and the depth of the affected
region increases along with platelet length. Similarly the region of
low stress between the third body and the stick zone becomes
larger with longer platelets.To determine the effect of wear particles during different stages
in the life of a fretting contact, particles were introduced to a worn
contact at several stages in a simulation. A partial slip fretting con-
tact for which wear was modeled using the Archard equation by
Leonard et al. (2011) was used in this study. At different times from
40 k to 160 k cycles during the simulation, wear particles whose
volume equaled the current wear loss were added to slip zones
of the contact. A uniform particle diameter of 0.26 lm was used
for all wear particles and the particles were not connected into
platelets. The contact was normally loaded in the same manner
as the other Hertzian contacts.
Intuitively, when particles are introduced to a worn contact, the
load carried by the slip zone will increase and the force supported
by the stick zone will decrease. Fig. 18 illustrates the effect of par-
ticles on contact pressure and subsurface stress. Higher and more
localized pressure was seen in the slip zones with wear debris than
without. At all cycle numbers the pressure over the entire stick is
lower than if particles were not present, but the shape of the pres-
sure proﬁle remains similar. This is especially signiﬁcant at the
edge of the stick zone because this is where the stick zone erodes
when fretting is modeled using plasticity (Kasarekar et al., 2007) or
damage mechanics (Leonard et al., 2013). The reduction in pres-
sure will induce slip at the periphery of the stick zone. The slip
zone covers the same region with and without particles; however,
it carries a higher pressure and has a number of pressure spikes
caused by particles clustering together. When particles of equal
size are trapped between converging surfaces, the innermost parti-
cles will carry the highest load resulting in the saw tooth pressure
proﬁle. The particles cluster in different areas each reﬂecting one
pressure spike in the slip zone. Fig. 19 depicts a representative
cluster of particles. The subsurface stress distributions show a ser-
ies of stress concentrations in the slip zone corresponding to the
clusters of particles. The stress concentrations increase in number
but become smaller in size as the test progresses. In every case
some of the particles were pushed entirely out of the contact. This
demonstrates that a surface geometry will cause particles to be
compacted in some areas while ejecting them from other regions.
4. Conclusions
In this paper a new approach for modeling the third body in
fretting using the combined ﬁnite-discrete element method was
presented. The ﬁnite element approach is used to calculate the
deformation of ﬁrst bodies while the discrete element approach
is used to ﬁnd the interaction bodies between ﬁrst and third
bodies. The third body was modeled as discrete elements either
individually or linked together into platelets. The discrete elements
interact directly with the ﬁnite element mesh instead of a layer of
discrete elements attached to ﬁnite element mesh. This model gave
B.D. Leonard et al. / International Journal of Solids and Structures 51 (2014) 1375–1389 1389satisfactory results when studying the more traditional third body
geometry of parallel ﬂat sliding surfaces and also worked well
when applied to the larger scale Hertzian line contact.
The properties of the third body can be modiﬁed by controlling
the spring stiffness and length of platelets. Increasing the contact
stiffness is the equivalent of increasing the modulus of elasticity
of the third body. Larger platelet lengths cause the third body to
become more cohesive as the platelets interlock and adhere to-
gether. This leads to a non-linear velocity gradient through the
height of the third body in sliding contacts and a thicker third body
layer in fretting contacts. The geometry of wear particles (repre-
sented by platelet length in this study) is the critical factor in
determining third body behavior.
For a Hertzian geometry the third body served to support load
in the slip zones of a fretting contact reducing the pressure on
the stick zone. Additionally the third body increased the subsurface
stress in the slip zone; the magnitude is dependent on the quantity
of and connections between wear particles. Single particles experi-
enced high forces, but the pressure decreased with the addition of
more particles to the contact. As the number of particles increased,
the area of the slip zone carrying load increased. Increasing platelet
length helped the third body lock together in a mass and support
more load, but it also caused the third body to be pushed further
into the slip zone from the stick zone interface. The geometry of
the interface between the stick and slip zone gave rise to two stress
concentrations (the edge of the stick zone and the beginning of the
third body) separated by an area of low stress.
Discrete elements added during a fretting simulation do not af-
fect the size of the contact, but they do shift pressure outward to
the slip zone and tend to increase the size of the slip zone. The
shape of the opposing ﬁrst body surfaces will cause some particles
to be ejected and cause other particles to concentrate in several
areas. The concentrations of particles could lead to the formation
of compacted platelets of wear debris.
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